Single-nucleotide polymorphisms (SNPs) are a class of attractive genetic markers for population genetic studies and for identifying genetic variations underlying complex traits. However, the usefulness and efficiency of SNPs in comparison to microsatellites in different scientific contexts, e.g., population structure inference or association analysis, still must be systematically evaluated through large empirical studies. In this article, we use the Collaborative Studies on Genetics of Alcoholism (COGA) data from Genetic Analysis Workshop 14 (GAW14) to compare the performance of microsatellites and SNPs in the whole human genome in the context of population structure inference. A total of 328 microsatellites and 15,840 SNPs are used to infer population structure in 236 unrelated individuals. We find that, on average, the informativeness of random microsatellites is four to twelve times that of random SNPs for various population comparisons, which is consistent with previous studies. Our results also indicate that for the combined set of microsatellites and SNPs, SNPs constitute the majority among the most informative markers and the use of these SNPs leads to better inference of population structure than the use of microsatellites. We also find that the inclusion of less informative markers may add noise and worsen the results.
genotyping technology, genome-wide screens of highdensity SNPs are becoming increasingly feasible for studies involving a large sample of individuals. However, the usefulness and efficiency of SNPs still need to be demonstrated through large empirical studies, especially in the context of population structure inference, where few studies have been done [4] . To fill in this gap, in this article we compare the information content (informativeness) of SNPs and microsatellites throughout the whole human genome, and compare the performance of SNPs and microsatellites in the context of population structure inference.
Methods

Informativeness of markers
There are many measures of marker information content for various purposes [4, 10, 11] . There is a brief review of measures of marker informativeness for population structure inference in Rosenberg et al. [4] . In this study, we employ the measure of informativeness for assignment (I n ) proposed in that article [4] .
Consider that there are i = 1, 2,..., K populations and m = 1, 2, ..., L loci, with K ≥ 2 and L ≥ 1. Locus m has alleles j = 1, 2, ..., N (m) . The average frequency of allele j at locus m across the K populations is defined as [4] :
where is the relative frequency for allele j of locus m in population i. The informativeness is defined as [4] :
Bayesian approach for population structure inference Pritchard et al. [1, 6] introduced a model-based clustering method (STRUCTURE) using multilocus genotype data to infer population structure and assign individuals to populations. They used Bayesian formulation and generated the posterior distribution using a Markov chain Monte Carlo method based on Gibbs sampling. This is the dominant method currently used. We use STRUCTURE 2.0 in our analysis.
Data
The 
Results
A first level of sub-structure (e.g., Black vs. White) was detectable using these data. However, higher orders of sub-structure (e.g., Black non-Hispanic vs. White Hispanic) were not detectable. Nonetheless, we present some results on informativeness comparisons between these higher order sub-structures for illustrative purposes. 
The distributions of informativeness (I n ) of microsatellites and SNPs for Black non-Hispanic vs. White
Figure 1
The distributions of informativeness (I n ) of microsatellites and SNPs for Black non-Hispanic vs. White. The dotted curves are the estimated kernel densities of the data.
(page number not for citation purposes) Figure 1 shows the distribution of marker informativeness of microsatellites [4] . Figure 3 shows the percentage of SNPs among different numbers of most informative markers (markers with the highest information content values) for Black non-His-panic vs. White. The patterns were similar for other source populations (figures not shown). Most of the time, SNPs represent the majority among the most informative markers. This is contrary to Rosenberg's observation [4] that "highly informative loci constitute a greater fraction of microsatellites than of SNPs".
Comparison of information content of microsatellites and SNPs
Comparison of performance of microsatellites and snps in inferring population structure
We used STRUCTURE 2.0 [1, 6] with all 236 individuals (assuming 2 subpopulations) using the markers with the highest informativeness. For various choices of the number of markers, M, five STRUCTURE runs were performed with M microsatellites of highest I n (among all microsatellites), and M SNPs of highest I n (among all SNPs), respectively. Two individuals with SNP data completely missing were excluded when SNPs were used in the analysis. All STRUCTURE runs employed the admixture model for individual ancestry [1] , the F model for allele frequency correlations [6] , and a burn-in period of length 10,000 followed by 10,000 iterations.
An individual was considered to be assigned accurately when the greatest proportion of the ancestry identifies the same ethnicity as the pre-defined population group of the individual (by self-identification). Assignment accuracy was defined as the proportion of correctly assigned ethnicities. For each value of M, the assignment accuracies of the 5 STRUCTURE runs are shown in Figure 4 . Figure 4 indicates that SNPs of the highest informativeness perform uniformly better than the same number of microsatellites of the highest informativeness, especially when a small number of markers are used. Another finding is that as the number of most informative microsatellites used increases, the result improves. But after a certain value, increasing the number of microsatellites worsens the result. For example, when the top 160 most informative microsatellites are used, all the individuals are assigned correctly to the correct subpopulations. But when all 328 microsatellites are used, one individual was misclassified.
Discussion
In this article we use COGA data to compare empirically microsatellites and SNPs in the context of population structure inference. Consistent with the findings in Rosenberg et al. [4] , we find that, on average, microsatellites are much more informative than SNPs for population structure inference (Figure 1 ). So a randomly chosen set of microsatellites should have greater informativeness (4 to 12 times) than a random chosen set of SNPs (Figure 2 ). Our results are based on only two subpopulations, and we expect the difference to be greater when more subpopulations are involved. A surprising finding in our study is that Informativeness quantiles for microsatellites and SNPs for Black non-Hispanic vs. White
Figure 2
Informativeness quantiles for microsatellites and SNPs for Black non-Hispanic vs. White although SNPs are less informative than microsatellites on average, among the most informative markers, SNPs usually constitute the majority (Figure 3 ). This is inconsistent with the findings in Rosenberg et al. [4] . The main reason may be that there are many more SNPs in our study than in theirs, with 328 microsatellites and 15,840 SNPs, compared with fewer than 400 markers studied by Rosenberg et al. [4] . When we analyze the 4,720 SNPs from Illumina and 11,120 SNPs from Affymetrix separately, we can see that the percentage of SNPs in the most informative markers increases as the total number of SNPs increases (data not shown). Another reason may be that in Rosenberg et al. [4] , the individuals and populations in the microsatellite and SNP datasets were different. Thus, we believe that our data may better represent the relative usefulness of SNPs versus microsatellites. Figures 3 and 4 confirm the conclusion of Rosenberg et al. [4] that I n does indeed measure the ability to infer population structure. These two figures indicate that at the right quantity, SNPs can be more informative for population structure inference. Because markers with high informativeness are added first, markers added later have less and less informativeness. Figure 4 indicates that the inclusion of less informative markers may add noise and worsen the results.
The major limitations of our study are that we have only two subpopulations, and the numbers of individuals in the two subpopulations are not balanced. Therefore, studies with more subpopulations and larger and balanced samples are needed to make more thorough empirical comparisons.
Our results used the subjects' self-identification for initial population group classification. Many researchers promote self-identified race/ethnicity as being the most valid measure for most epidemiological studies [12] [13] [14] . The National Institutes of Health now requires documentation of minority inclusion on all new grant submissions and considers self-reported race/ethnicity status to be the preferred method of categorization [15] . Gomez et al. [16] showed that accuracy of self-reported ethnicity was high among Blacks and Whites. In our analysis, only Blacks and Whites are used. We conjecture that the self-reported ethnicity should be very accurate.
In conclusion, we have compared microsatellites and SNPs in the context of population structure inference. Although microsatellites are more informative than SNPs in general, our findings show great promise for using SNPs when a large number of SNPs are available. 
Abbreviations
